The geometry of adsorbed C 60 influences its collective properties. We report the first dynamical lowenergy electron diffraction study to determine the geometry of a C 60 monolayer, Agð111Þ-ð2 ffiffiffi 3 p Â 2 ffiffiffi 3 p Þ30 -C 60 , and related density functional theory calculations. The stable monolayer has C 60 molecules in vacancies that result from the displacement of surface atoms. C 60 bonds with hexagons down, with their mirror planes parallel to that of the substrate. The results indicate that vacancy structures are the rule rather than the exception for C 60 monolayers on close-packed metal surfaces. Fullerene-based molecular crystals and films are of interest because of their very rich electronic properties, including superconductivity with high critical temperatures, ferromagnetism, and metal-insulator transitions [1] . The interfaces of C 60 films with metal surfaces are of particular interest for molecular electronics [2] . C 60 films are also of interest from a fundamental perspective, because they represent a class of relatively simple model structures for studying the interactions of gases with carbon materials [3] . Although the variety of phenomena observed in C 60 films is exceptional, the C 60 -substrate interaction is far from being understood. While the C 60 geometry is critical to the properties of the films [4, 5] , an unequivocal determination of the C 60 adsorption geometry has been elusive [6] .
Two STM studies of C 60 on Ag(111) at room temperature (RT) found that the monolayer has a commensurate ð2 ffiffiffi 3 p Â 2 ffiffiffi 3 p ÞR30 structure (nearest-neighbor distance 10.01 Å ), that consists of a mixture of two orientations of C 60 [7] [8] [9] [10] [11] . While one of these studies concluded from images of occupied and unoccupied states that one orientation of C 60 adsorbs in top sites with their pentagonal faces down [7, 8] , the other concluded that those C 60 adsorb in hollow sites with their hexagonal faces down [10, 12] . An x-ray photoelectron diffraction (XPD) study at RT also concluded that the monolayer is a mixture of two species, one with the C 60 hexagonal face down, and the other with a C-C bond down [13] . An ab initio density functional theory (DFT) calculation for the same structure found that the ground state adsorption geometry is the hcp hollow site, with the hexagonal face down [14] . This mixture of conflicting results, and similar ones for C 60 on other substrates [6] , illustrates the difficulty in establishing the correct adsorption structures for these films.
Diffraction is an ideal method for the determination of the geometries for adsorbed C 60 . Although low-energy electron diffraction (LEED) is the most common technique for determining surface geometries, it has not yet been applied to a C 60 film. The computational limitation of LEED has diminished in recent years due to the increase in computing power and the efficiency of LEED codes [15, 16] . Now the limiting factor for complex structures is often the size of the experimental data set. For molecular adsorbates, the quantity and quality of the data can be limited due to the Debye-Waller effect from molecular motions. The data presented here were acquired at low T (32 K) in order to damp the molecular motions and maximize the energy range of the LEED data.
The Ag(111) crystal preparation and the C 60 source were described earlier [17] . The sample was typically dosed at RT to several layers and then heated to desorb all except one monolayer. Although higher layer desorption only requires heating to about 575 K [11] , annealing to 685 K produced the best quality LEED patterns. It was reported in an STM study that annealing converts metastable epitaxially rotated phases to the ð2 ffiffiffi 3 p Â 2 ffiffiffi 3 p ÞR30 structure, also observed here [11, 12] . Desorption from the monolayer occurs above 685 K. The sample was cooled to 32 K for the LEED measurements [17] . Examples of LEED patterns at several energies are shown in Fig. 1 . These patterns exhibit threefold symmetry with one mirror plane. The IðEÞ curves were extracted for each diffraction spot and the intensities of the symmetrically equivalent spots were averaged, resulting in a data set having an energy length of 4860 eV, a total of 15 beams having a maximum range of 100 to 600 eV.
The LEED calculations used the SATLEED [18] and LEEDFIT [19] codes. The agreement between the experi-
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week ending 31 JULY 2009 0031-9007=09=103 (5)=056101 (4) 056101-1 Ó 2009 The American Physical Society ment and calculation was measured using the Pendry R factors, and the statistical errors were calculated using the Pendry RR-function [20] . The crystal potential was calculated from a superposition of atomic potentials for the actual adsorption geometry using optimized muffin tin radii [21] . This resulted in 12 sets of scattering phase shifts from symmetry inequivalent C atoms and 2 for the Ag atoms (one for the surface atoms, one for deeper layers). Only small differences were found compared to calculations using only one set of phase shifts each for C and Ag. The sites tested were top, hcp hollow, fcc hollow, bridge and several types of vacancy sites that correspond to missing (displaced) Ag surface atoms. The tested molecular orientations were hexagon down, pentagon down, and C-C bond down, for different in-plane rotational alignments. Domain averaging was used to achieve the observed symmetry, and mixtures (coherent and incoherent) of sites and C 60 orientations were also tested. The time for the calculations ranged from 1 h to several days on a supercluster, depending on the degree of symmetry in the structure. In the first step, two structures gave significantly better R factors: C 60 on a top site or a vacancy site with its hexagonal face down and with the mirror plane of C 60 aligned with the mirror plane of Ag(111). This step ruled out all sites except top and vacancy, and all molecular orientations aside from hexagon down with the mirror plane parallel [22] . In the next step, the top and vacancy site structures were relaxed (C 60 þ 5 layers of Ag) according to the symmetry, and then the nonstructural parameters (Debye T and inner potential) were optimized. This resulted in a significantly better fit for the vacancy site structure (R ¼ 0:36) compared to the top site structure (R ¼ 0:42). The best-fit structure is shown in Fig. 2 , with parameters given in Table I . The calculation was not very sensitive to the difference between 0 vs 180 orientation of the molecules.
Aside from the vacancy reconstruction, there is very little displacement of the Ag atoms from their bulk positions. The Ag maintains a layer spacing very close to the bulk, and there is a slight depression of the Ag atoms nearest to the C 60 . There is also very little relaxation within the C 60 molecules. The bottom hexagon of the C 60 has the same diameter as the gas-phase molecule [23] . The bond lengths within the molecule after relaxation range from 1.35 to 1.51 Å , compared to the two bond lengths of 1.40 and 1.46 Å in the gas phase, with no net molecular size change. In light of the DFT study for this surface (below), we also tested vacancy structures with one Ag adatom per unit cell. The agreement was slightly worse, but the existence of an additional Ag atom cannot be ruled out because its effect on the spectra is very small.
Previous studies did not identify a surface reconstruction for this surface. An earlier DFT study indicated that the hollow sites are more stable than the top [14] . We now return to the DFT [24, 25] calculations, which in the local density approximation (LDA) [26, 27] have been shown to be able to describe both the electronic and energetic properties of adsorbed C 60 monolayer on metal surfaces Table I ; the buckling is magnified and the atoms are shown with a reduced size for clarity. 
FIG. 1. LEED patterns from
Agð111Þ-ð2 ffiffiffi 3 p Â 2 ffiffiffi 3 p ÞR30 for incident beam
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week ending 31 JULY 2009 056101-2 [14, [28] [29] [30] . The setup of the slab calculation can be found elsewhere [14] . Here, we considered additional structures having substrate reconstructions. One is the vacancy (vac) structure, where the Ag atom beneath the C 60 in the top structure is removed, and the other is the reconstructed (rec) structure, where the dispatched Ag atom is put back onto the Ag surface as an adatom in an interstitial site among neighboring C 60 's. In Table II , the calculated adsorption energies of different structures are listed. The structural parameters after relaxation for the vac structure are listed in Table I . For all the different sites, we find that the preferred orientation of C 60 is with a hexagon facing down and its vertical mirror plane along the substrate mirror plane. The top site is the least favorable; it includes a 0.29 Å inward relaxation of the Ag atom beneath C 60 , which costs considerable elastic energy.
For comparison, we have listed in Table II the calculated adsorption energies for C 60 =Auð111Þ, and for C 60 =Alð111Þ from Ref. [28] , where a vacancy-adatom mechanism was proposed to explain the structural transition observed in STM [32] . Similarly, we find that C 60 binds much more strongly to the vacancy site on Au(111), indicated by the large increase of adsorption energy in the vac structure. To include the vacancy formation energy, we put the dispatched Ag atom back onto the surface and used the unreconstructed Ag(111) surface as an energy reference. After further relaxation, the Ag adatom finds an equilibrium position slightly off the fcc site between two C 60 's. The adsorption energy of this rec structure is still larger than the unreconstructed hcp structure by 0.07 eV, which indeed shows that the vacancy site is the preferred one in the ð2 ffiffiffi 3 p Â 2 ffiffiffi 3 p ÞR30 structure. Insight about the vacancy-adatom mechanism is gained by comparing C 60 =Agð111Þ with C 60 =Alð111Þ as listed in Table II . Although the vacancy creation cost on Ag(111) is larger, the adsorption energies for C 60 =Agð111Þ are always bigger than C 60 =Alð111Þ, and are comparable to the difference in the vacancy formation energies. Hence, the stronger C 60 -Ag interaction can compensate that energy difference, and the reconstruction becomes viable. A vacancy structure also has been observed in a recent surface x-ray diffraction experiment on C 60 =Ptð111Þ [33] . In that case, the much stronger C 60 -Pt interaction can cause a Pt(111) reconstruction [33] , even though the vacancy formation energy for Pt is much larger. Compared to Ag, Pt has a d band much closer to the Fermi level, which facilitates stronger band hybridization and more covalent bonding with C 60 , and thus larger binding energy.
With hindsight, the earlier STM studies provided some evidence for a surface reconstruction. For adsorption at RT, several different phases were observed, one of them corresponding to a ð2 ffiffiffi 3 p Â 2 ffiffiffi 3 p ÞR30 structure, the others corresponding to several metastable incommensurate or higher-order commensurate structures with lattice rotations, which convert into the ð2 ffiffiffi 3 p Â 2 ffiffiffi 3 p ÞR30 structure upon annealing [11] . Before annealing, the molecules in all structures have the same intensities in the STM images. Upon annealing to 573 K, however, the appearance of the molecules in the ð2 ffiffiffi 3 p Â 2 ffiffiffi 3 p ÞR30 structure changes, and they are imaged as ''bright'' and ''dim'' in the STM. Sufficient annealing converts the epitaxially rotated phases entirely to this ''mixed'' ð2 ffiffiffi 3 p Â 2 ffiffiffi 3 p ÞR30 phase [7, 8, [10] [11] [12] . The bright and dim molecules were attributed to different orientations of the molecules, and were observed to ''flip'' from one to the other during experiments at RT [11] . The mixture of bright and dim molecules may correspond to the mixture of orientations observed with XPD at RT [13] . We propose that the uniform-intensity molecules imaged after deposition at RT but before annealing, correspond to molecules that are on the surface, possibly rotating. Heating produces the vacancy structure, which has two orientations of C 60 's that image differently. This is consistent with the earlier STM study that found that the ð2 ffiffiffi 3 p Â 2 ffiffiffi 3 p ÞR30 structure is more stable after annealing the overlayer [11] , and the with XPD study that found two orientations in the annealed monolayer [13] .
As stated before, the LEED pattern improves markedly after annealing to 685 K; i.e., the diffraction spots sharpen 
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structure. Even after annealing, however, there is a considerable Debye-Waller factor at 300 K, suggesting considerable dynamical disorder, such as molecular rotations or librations, consistent with the STM observation of flipping at RT. From the LEED analysis at 32 K, there is no evidence for other orientations, suggesting that while such molecules that may exist at RT [13] , they adopt the lowerenergy hexagon-down orientation at low T. The experimental and calculated spectra are shown in Fig. 3 . Since annealing to at least 573 K is the most common method for producing a monolayer of C 60 on Ag(111), most experiments that have been performed on this surface are likely for C 60 in vacancy sites [4, 7, 8, [10] [11] [12] [13] 30, [34] [35] [36] .
We have demonstrated that a monolayer of C 60 on Ag(111) induces a substrate reconstruction, producing vacancies that are occupied by C 60 . This phenomenon is related to the relative energies of vacancy formation and chemisorption. Our DFT calculations show that on both Ag(111) and Au(111), the balance favors reconstruction. A previous DFT study indicated the same for C 60 on Al(111) [28] . Until now, although reconstructions were often observed for C 60 adsorption on other surfaces, they were thought to be uncommon for C 60 adsorption on closepacked noble metal substrates, where the bonding is regarded as mainly ionic, even though reconstructions were reported for C 60 on Cu(111) [37] . This study demonstrates the utility of LEED for the determination of large molecule adsorption geometries. In light of these results, it seems probable that the observed preference for C 60 adsorption along the zigzag steps [38] may also involve vacancy reconstructions.
